) the photocentric orbits of some FK5/Hipparcos stars are calculated in a direct combination of the Hipparcos data with astrometric ground-based observational catalogues having epochs later than 1939. Some capabilities and limitations of this method are discussed in a comparison of our results with known orbits of Sirius, Procyon, Rasalhague, µ Cas and others. We conclude that this direct combination is an acceptable tool to discover and investigate photocentric orbits with periods from 10 to 55 years and the semi-major axis of apparent ellipses >0.08 arcsec. It is particularly suitable for pairs with large magnitude difference as well as for calculation of the preliminary orbits of new astrometric binaries which will be considered in forthcoming papers. In this paper new photocentric orbits and component masses are calculated for 4 pairs: α UMa, β LMi, δ And and ξ Aqr.
Introduction
The double and multiple stellar systems with non-linear motion of the photocentre, detectable in series of ground-based astrometric observations over time intervals of some decades, are known as astrometric binaries. This motion is due to some fainter components of star-like masses and it is composed of the linear motion of the stellar system's barycentre and the elliptical motion of the photocentre around the barycentre. The classical examples of long-investigated astrometric binaries are the systems with white dwarfs, Sirius and Procyon, that are considered below. The variations of their proper motions were first investigated by Bessel (1844) .
Astrometric binaries have been difficult to discover and investigate by classical astrometric observations because telescopes have different systematic errors that are unknown and variable with time. Therefore, the main problem was to establish a rather precise common reference frame for the many ground-based catalogues used. Only a few astrometric binaries were known before the Hipparcos mission (ESA 1997) . The Hipparcos catalogue (hereafter HIP) gives us at least two ways to discover and investigate astrometric binaries:
-Hipparcos found thousands of stellar systems with nonlinear motion of their photocentre. Many of those systems are collected in parts G (acceleration solution) and
Send offprint requests to: G. A. Gontcharov, e-mail: georgegontcharov@yahoo.com X (stochastic solution) of the Double and Multiple Systems Annex (DMSA) of the HIP. Part V (variability-induced movers) of the DMSA also contains some stellar systems with a non-linear motion of the photocentre, but which are generally non-elliptical, caused by the variable magnitude of a component. Some of the suspected non-single stars in the HIP ("S" in the field H61, solution quality) may also show non-linear motions of their photocentres; -In order to discover and investigate astrometric binaries, ground-based catalogues can be compared and combined with the precise HIP by different methods. First, several hundred stars with considerable discrepancy between the HIP and ground-based proper motions were identified by many authors (e.g. Wielen 1997; Gontcharov & Kornilov 1997) and might show non-linear motions of their photocentres. Second, the possible non-linear motion of a star can be taken into account statistically, as was done in the construction of the FK6 by Wielen et al. (1999) . FK6 is a combination of the HIP with the best ground-based compilation, the FK5 (Fricke et al. 1988; Fricke et al. 1991) . Third, many past observational ground-based catalogues can be combined directly with the HIP by forming series of positions of stars over decades of observations. Such series can reveal non-linearly moving stars.
The direct combination of the HIP with 57 observational ground-based catalogues having epochs between 1939 and 1995 has been realized for the 1535 stars of the Basic FK5 by Gontcharov et al. (2001) . Preliminary results for five very interesting astrometric binaries have been presented by Gontcharov et al. (2000) . The main task of the direct combination is a reduction of observational ground-based catalogues into a common reference frame close to the ICRS/Hipparcos. The parallaxes from the HIP, radial velocities from the Hipparcos input catalogue by Turon et al. (1993) as well as positions from the HIP and observational ground-based catalogues were used in the reduction. The proper motions from the HIP and several ground-based compilation catalogues were used as initial values for iterations. The results of these iterations are uniform series of star positions over several decades (including the photocentric positions from the HIP) and improved individual proper motions of the stars. These proper motions were published as The Proper Motions of Fundamental Stars catalogue (PMFS), Part I (Gontcharov et al. 2001 ) deposited as I-266 at the CDS. A possible non-linear motion of several hundred photocentres was detected from the obtained series of positions. These stellar systems were marked in the PMFS as class "A" (astrometric binaries). The non-linear motion was separated into the linear motion of the barycentre of the stellar system (classical proper motion presented in the PMFS) and elliptical motion of the photocentre around the barycentre. The latter will be analyzed here and in subsequent papers with the aim to calculate new photocentric orbits and masses of components.
The procedure of separation of the non-linear motion into a linear and an elliptic one includes:
1. Elimination of the obtained proper motion from the series of positions and calculation of 6 orbital elements (a, T , Ω, ω, e i) by the method described by Kiyaeva & Kalinichenko (1998) . The orbital period was taken from external data or calculated from the series with a precision of 1-3 years. For some well-known pairs we used known values of some other elements marked in italics in the following tables; 2. Elimination of obtained orbital motion from the series of positions and calculation of the proper motion by the leastsquare method; 3. Steps 1-2 were repeated in iterations until the obtained improvements became insignificant.
The Basic FK5 contains several well-known orbital pairs with an appropriate period and semi-major axis of the apparent ellipse of the photocentric orbit. The comparison of our reduced astrometric observations and the derived orbital elements with the known orbits could help us to estimate capabilities and limitations of our observational material and method. Most of the considered pairs are in the Sixth Catalog of Orbits of Visual Binary Stars by (hereafter the Sixth catalogue). The speckle-interferometric observations of the pairs are taken from the Fourth Catalog of Interferometric Measurements of Binary Stars by (hereafter the Fourth catalog), unless otherwise specified. However, several well-known orbital pairs have been eliminated from the observational lists of meridian telescopes and astrolabes a long time ago. For example, we did not get enough observations for the detection of the orbital motion of HIP 71681 (α Cen A-B) and HIP 104214 (61 Cyg A-B). Some other well-known orbital pairs are members of multiple stellar systems with several components observable by meridian telescopes and astrolabes. These and some other more complicated cases will be considered in forthcoming papers.
Comparison with known orbits
Some known orbital pairs are compiled in Table 1. Table 2 gives the components µ α·cos δ and µ δ of the proper motion of the considered stellar pairs taken from the PMFS, HIP and FK5 with the precision of 0.001 arcsec/year. The PMFS catalogue gives the barycentric proper motions (that of µ Cas has been corrected, see below). The FK5 gives the photocentric proper motions based on more than a century of observations, these motions are close to the barycentric ones for many stars. The proper motions of known pairs in the HIP are reduced to the photocentre, barycentre or components separately, depending on the results of the mission. In Table 2 the barycentric proper motion taken or calculated from the HIP is marked as m whereas the photocentric one is marked as p. The Hipparcos proper motion of Procyon was recalculated by Girard et al. (2000) in a combination of Hipparcos and ground-based data.
The capabilities of our method can be inferred from Table 3 where we show the standard deviation of the residuals between the astrometric observations after their reduction to the ICRS and the orbits, and the "signal-noise ratio" (S /N) between the semi-major axis of apparent ellipse a app and the standard deviation σ α+δ along the celestial great circle. The standard deviation σ α+δ together with those on the both coordinates, σ α and σ δ , give an estimate of the accuracy of the catalogues used after their reduction to the ICRS (i.e. the accuracy of the formed series of the observations). Sirius and Procyon show rather large standard deviation probably because of their brightness. For the rest of the pairs the standard deviation is about of 0. 05 for both α and δ.
The precision of the calculated orbital elements a, T , Ω, ω, e and i is affected by 1) the orientation and other features of the orbit, 2) the accuracy of the formed series of the observations, 3) the number of catalogues in the formed series and 4) the distribution of the series along orbit. The latter appears rather important because the considered temporal interval of ≤56 years usually includes only one or two periods and the distribution is uneven. To estimate the precision of the orbital elements we simulated the series of observations for the real observational epochs but randomly distributed around real series with a dispersion of 0. 05 for both α and δ. The dispersion of the sets of the orbital elements derived from the simulated series is taken as the precision of the orbital elements. The number of the simulated series slightly affects the dispersion. We simulated 20 series for each pair.
The orbital elements were derived from our observational material for all the considered pairs. However, for the first 5 pairs in Table 3 some rather precise photocentric orbits have been derived from more extensive observational material (mainly photographic observations with large refractors). Therefore, as expected, the precision of our orbit for these pairs is less than that of a known orbit, and these orbits practically coincide in the apparent plane. Thus, for these 5 pairs we only compare our observational material with the known orbits and Table 3 . Standard deviation (in arcsec) of the astrometric observations from orbits, and the "signal-noise ratio" (S /N) of the semi-major axis of apparent ellipse a app to the standard deviation σ α+δ along celestial great circle. For δ And, α UMa, β LMi and ξ Aqr our observational material has allowed us to derive new photocentric orbits and component masses. For these pairs the self-consistent sets of orbital elements and other parameters are presented pair-bypair in Tables 6, 7, 9 and 10. To obtain the sets we used the following common relations. The elements P, T , i, e and Ω are the same for the relative (fainter (B) with respect to brighter (A) component) and photocentric (photocentre with respect to barycentre) orbits; ω differs by 180
• . The ratio of the relative (a BA ) and photocentric (a pm ) semi-major axes (both in arcsec hereafter) depends on the mass ratio and the magnitude difference of the components. Both components, barycentre and photocentre, are on a line; the ratio of the distance "barycentre-
, where M A and M B are the component masses; the ratio of the distance "photocentre-A" to "B-A" is β = 1/(1 + 10 0.4∆m ), where ∆m is the magnitude difference. Thus, a pm = a BA · (B − β). For every pair the system of 2 equations
was solved 1) accurately for the component masses M A and M B if the fainter component has been observed and a BA is known or 2) less accurately for the mass of a component and a BA if the other mass is approximately estimated from the magnitude, spectrum, color index or other external data using the tables by Allen (1973) . The uncertainties of accepted values are taken into account in estimating the precision of the derived parameters provided in the following tables pair-by-pair. All the masses in the tables are given in solar masses. Our observational material together with the derived and some known photocentric orbits are shown in the following figures which are composed of three subfigures. The first subfigure (the only one for Sirius and Procyon) shows the observations together with the derived and known apparent ellipses in the form of the ∆α cos δ-∆δ-differences between the photocentres and the barycentres (i.e. apparent ellipses of the photocentric orbit). The observations are connected by straight lines to the appropriate epochs on the derived or best known orbital ellipses. The second and third subfigures give the differences ∆α cos δ and ∆δ, respectively, as a function of time. ∆α cos δ and ∆δ are given in arcsec.
α CMa (Sirius)
Sirius is a well-known pair of a main sequence star and a white dwarf. The photocentre coincides with the main sequence star. Orbits by Volet (1932) , van den Bos (1960), Gatewood & Gatewood (1978) and Benest & Duvent (1995) are very similar. The latter (with photocentric semi-major axis of 2. 49) is shown in Fig. 1 together with our reduced astrometric observations. The observations were rare because the star was usually eliminated from observational lists because of its duplicity and brightness. Bonnet-Bidaud et al. (2000) argue that no third component exists in this system. Observations from the Carlsberg meridian catalogues 1-4 (open circles in Fig. 1 ) also perfectly fall into the known orbits providing therefore no indication of a third component.
α CMi (Procyon)
Procyon is a well-known pair consisting of an F5IV-V star and a white dwarf. Photocentric orbits by Strand (1951) , Irwin et al. (1992) and Girard et al. (2000) are shown in Fig. 2 as dashed, • 3 104.
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• 8 88.
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• thin and thick ellipses, respectively. These orbits are rather different. The orbit by Girard et al. should be the most precise one since it is based on photographic astrometric observations spanning 83 years, Hipparcos observations of the photocentre as well as 2 observations of component B relative to A by HST and a coronagraph. The latter observations together with a coronagraphic observation by Walker et al. (1994) are shown in Fig. 2 as asterisks with the assumption B − β = 0.287 obtained from the masses provided by Girard et al. Our observational material is shown in Fig. 2 as filled diamonds. Orbital elements and other parameters of the orbits are shown in Table 4 together with the standard deviation σ α+δ of the observations from the orbits along celestial great circles. The orbit by Girard et al. much better fits our results.
µ Cas
This is a nearby high velocity population II star and is thus interesting because of the importance of determining the masses, luminosities, and metal abundances of its components. It is the only pair for which we had to recalculate the barycentric proper motion after the publication of the PMFS catalogue due • 3 4 7 .
• 3 ω 186.
• 1 152.
• 7 e 0.46 0.56 i 104.
• 8 110.
• Drummond et al. (1995) . However, according to the Fourth catalog this pair has never been resolved at periastron (in 1975 and 1997) . There are two series of astrometric observations of the photocentre (component A): at the Sproul observatory by Lippincott (1981) and more recently by Heintz & Cantor (1994) , and at the Allegheny observatory by Russell & Gatewood (1984) . These series, either one or both, were the basis for many orbit determinations, such as those by Lippincott (1981) , Russell & Gatewood (1984) Table 5 as well as in Fig. 3 by dashed and solid curves, respectively. All other apparent ellipses practically coincide with the one by Drummond et al. Our observational material is shown by diamonds. All successful speckle-interferometric observations with the assumption B − β = 0.189 are shown by asterisks.
All our reduced astrometric observations with epochs near periastron passage in 1975 show some systematic deviation from the known orbits, although within a priori estimated accuracy of the ground-based catalogues. It may argue for a slightly different Ω or an additional long-period non-linear motion of the photocentre hardly distinguishable from the perspective acceleration dµ/dt of this fast nearby star. Since our data are not numerous enough to recalculate this acceleration, we have used the standard values. Lippincott (1981) argues for a value of this acceleration differing from the standard value. It may be explained by a third disturbing body of the system.
α Oph (Rasalhague)
Two rather different photocentric orbits of this pair were derived by Kamper et al. (1989) and Augensen & Heintz (1992) , respectively, based on photographic observations of the photocentre and some spectroscopic ones. A few interferometric observations have been analyzed by Kamper et al. and by Boccaletti et al. (2001) . Our reduced astrometric observations give the same standard deviations from both orbits. The observations together with the orbit by Augensen and Heintz are shown in Fig. 4 . The Hipparcos results are presented by 3 open diamonds perfectly falling onto the orbit.
The orbital period is about 8.6 years. Most astrometric catalogues (except Hipparcos and Carlsberg meridian catalogues) give an average of observations unevenly distributed over several years. Therefore, the catalogues give results corresponding not to a point but rather a long part of the orbit. The corresponding error appears in the case of Rasalhague and limits our method: apparently no useful results can be obtained for binaries with shorter periods.
10 UMa
A lot of interferometric observations since 1975 cover well the orbit of this pair in the Lynx constellation. Moreover, the components of 4.0 m and 6.3 m have been observed separately with a large number of telescopes used for astrometric and astrophysical observations. As a result, this is the best orbit among the FK5 stars determined by visual observations, and the photocentric semi-major axis is also known. The authors of the FK5 (where this star is named as Bradley 1268 Lyncis) recommended to take into account the orbit by Baize (1955) in any calculations. Some observers followed this recommendation as seen from the results and descriptions of groundbased catalogues. However, in most such cases, for example in the Carlsberg meridian catalogues (1997), the observed coordinates may depend on the FK5 coordinates (and, consequently, the assumed orbit) as well as on the contribution of the fainter component, depending on many factors. Therefore, it is difficult to conclude to which point of the pair the observations actually refer. It is pointed out in the Carlsberg catalogues that the component A was observed. It must be a mistake because the component B was always inside the instrument slit together with the component A. Analyzing the Carlsberg results we have to assume that the positions in the CMC2 and CMC4 catalogues hold for the barycentre and those in the CMC3 and CMC5 catalogues for the component A. Then we calculated the positions of the photocentre using magnitude differences and component masses given by Soderhjelm (1999) . Of course, some uncertainty and sources of mistakes remain. Therefore, our results for this pair should be considered with caution.
The best 3 orbits by Martin et al. (1998 ), Heintz (1997 and Soderhjelm (1999) practically coincide in the apparent plane. All 3 orbits are shown as one ellipse with a photocentric semimajor axis of 0. 18 in Fig. 5 together with our reduced astrometric observations (filled diamonds) and a linear motion of the photocentre calculated from the HIP (3 open diamonds). The photocentric semi-major axis remains slightly uncertain: Martin et al. and Heintz give 0. 175 whereas Soderhjelm gives 0. 214. Breakiron et al. (1975) also obtained a photocentric semi-major axis of 0. 20 with the Allegheny refractor. 
δ And
This is a triple or quadruple system with several interesting features: strong high-velocity wind, infrared excess, dust shell approximately between the secondary at several AU and the tertiary at a thousand AU according to Judge et al. (1987) .
A dynamical interaction between the companions and the shell may be expected. [Fe/H] = +0.16 according to Taylor (1999) .
Only the secondary can cause the elliptical motion of the photocentre which coincides with the primary. Judge et al. argue for the secondary being a white dwarf. It has, however, never been observed, even in many speckle-interferometric The primary-secondary pair is known as a spectroscopic binary with single lines. It has been concluded from spectroscopic observations by R. F. Griffin (2001) that the semiamplitude of the radial velocity variations is near 4 km s −1 and the period is near 53 years (instead of 55.19 years as mentioned by Tokovinin 1997) . Assuming e < 0.6 and i far from 90
• one finds a rather large photocentric semi-major axis, namely 6-12 AU, or 0. 2-0. 4 with the parallax 0. 032 from the HIP. This is in perfect agreement with the photocentric semi-major axis 0. 32 obtained by us. Thus, both astrometric and spectroscopic results of a pm involve a rather large mass of the unseen secondary and a rather low mass of the primary. In order to get an acceptable mass of the giant primary one has to assume a mass of the secondary close to the white dwarf mass limit. Assuming 1.3 solar masses for the secondary we obtained the same mass of the primary and 0. 62 for the semi-major axis of the relative orbit. The uncertainty of these two determined parameters is mainly due to the uncertainty of the photocentric semi-major axis.
Our astrometric orbit is shown in Fig. 6 . The sets of parameters of the pair as derived from our results and as given in the MSC by Tokovinin (1997) are presented in Table 6 . The latter set is based on the spectroscopic orbit and an assumption for the primary mass. This set should be disregarded. Our results give the first estimation of the photocentric semi-major axis and masses of the components from astrometric observations. Most important is the perfect agreement between the spectroscopic Table 6 . Two sets of parameters for δ And. and astrometric estimates of the photocentric semi-major axis and, consequently, masses, although the orbital elements T and e are also similar.
MSC our

α UMa (Dubhe)
This is a well-known visual and spectroscopic pair with several speckle-interferometric observations in the Fourth catalog. There are 2 orbits: one by Heintz (1963) supplemented by Tokovinin (1997) (hereafter "H-T") and another one by Soderhjelm (1999) as mentioned in the Sixth catalog. However, the photocentric semi-major axis and, consequently, the masses of the components were never determined from observations before our research (H-T assume M A ). Moreover, the orbital inclination is low and there are only a few observations near periastron. As a result, Ω, ω and i were poorly known: H-T assume ω = 180
Three photocentric orbits are presented in Table 7 and Fig. 7 (a pm = 0. 21 for all orbits in the figure): H-T (dashed curves), Soderhjelm (1999) (thin curves) and our orbit (thick curves). With the observations fixed, the barycentres are shown by a cross, a bold point and an oblique cross, correspondingly. The results of the relative observations with assumed B − β = 0.34 are shown by asterisks. They are in good agreement with our reduced astrometric observations and orbit. The orbits are compared with these observations in Table 8 . The orbit by H-T should be denied because of the large deviation, although in fact it is due to a different T only.
The uncertainty of the obtained component masses is mainly due to the uncertainty of the parallax. The obtained mass of the component A is in good agreement with its spectrum K0III. However, there is a disagreement between the known spectrum and absolute magnitude of the component A. Perhaps it relates to [Fe/H] = −0.13 according to Taylor (1999) . The spectrum of the component B can be estimated from its absolute magnitude and the obtained mass as about A3V. It is not so far from A8V which was estimated by Kondo et al. (1977) from the joint spectrum of the pair. -interferometric (in 1975-1995) observations of this pair. However, there are too few observations at periastron. The photocentric semi-major axis and masses of the components were never determined from observations before our research. The orbit by Soderhjelm (1999) and that in the Sixth catalog as well as our orbit (see Table 9 ) practically coincide in the apparent plane and look as one ellipse with a pm = 0. 13 in Fig. 8 . The results of the speckle-interferometric observations with the assumption B − β = 0.36 are shown in Fig. 8 by a "cloud" of asterisks at one side of the apparent ellipse. They are also in good agreement with all orbits. R. F. Griffin (2001) obtained the last periastron passage moment (1999.33 ± 0.04) from radial-velocity observations. Thus, 38.35 years is the most reliable estimation of the period. We have accepted this value.
The uncertainty of the derived component masses is mainly due to the uncertainty of the photocentric semi-major axis. The mass of the component A is in good agreement with its spectrum G8III-IV, absolute magnitude +0.9 m and B − V = +0.9. The low mass of the brighter component relates perhaps to [Fe/H] = +0.17 according to Taylor (1999) . The spectrum of the component B can be estimated from its absolute magnitude and the derived mass as about for an F subgiant.
ξ Aqr
The data from the HIP (B − V = +0.175, A7V spectrum, parallax of 0. 18 and absolute magnitude of the component A = +1.0) disagree with one another. A better consistency can be obtained with a larger parallax. We accept 0. 22 for the parallax and 1.9 solar masses for the component A.
There are a few speckle-interferometric observations, but they are inconsistent with each other (the variation of the There are a dozen old spectroscopic observations used for the orbit determination by Abt (1965) . The elements for that and our orbit are shown in Table 10 . Our orbit is shown in Fig. 9 . Abt's a pm was calculated by us with the assumption of i ≈ 90
• and the component A being the photocentre. The orbit by Abt is far from being precise: for example, the used data allow errors of several years in P and T . Our data (specially those of Hipparcos) suggest a longer period of about 25.5 years. Thus, one should not compare our and Abt's orbits directly. However, they do not contradict each other.
Our set of parameters of the pair is presented in Table 10 . The unseen component could be a white dwarf. The precision of the a BA and mass of B shown in Table 10 includes the uncertainties of the photocentric orbit and of the accepted mass of the component A, but without the uncertainty of the accepted parallax. Taking into account also the uncertainty 0. 004 of the parallax, this effect would dominate the resulting uncertainty.
Our results for this pair are less accurate than for others. Nevertheless, we provide the orbital inclination which could not be obtained by other means. It can help to search for the unseen component.
Conclusions
The proposed astrometric material and method seem to be acceptable to calculate photocentric orbits with periods from 10 to 55 years and semi-major axis of apparent ellipses greater than 0. 08 as well as to predict masses and relative positions of unseen components. New photocentric orbits and component masses are calculated for 4 pairs: α UMa, β LMi, δ And and ξ Aqr. 
